It has increasingly become clear over the last two decades that proteins can contain both globular domains and intrinsically unfolded regions which both can contribute to function.
Introduction
It is now well established that proteins can be classified into three large families. Some proteins adopt a well-defined stable tertiary structure and are usually referred to as globular proteins.
Others are devoid of a three-dimensional structure but can adopt it when and if needed. This family is described as that of intrinsically unfolded proteins (IUPs or IDPs). A third family is composed of proteins containing both globular and intrinsically unfolded regions. These proteins could be considered as 'mixed folded proteins' (MFPs). The study of all three families is important and offers specific challenges to researchers. Of the three main methodologies able to describe structures at atomic resolution, X-ray crystallography, nuclear magnetic resonance (NMR) and more recently cryo-electron microscopy, NMR has proven most helpful in the characterization of IDPs and MFPs, because it can operate directly in solution, capture molecular motions and observe flexible structures. There are however several difficulties which disseminate these studies. The first and possibly most important one is due to the fact that, when not helped by the chemical shift dispersion of the NMR spectrum of a folded protein, IDP regions suffer of an intrinsic and inevitably inherent severe overlap of the NMR resonances. Since the assignment of an NMR spectrum to each of the atoms along the sequence depends on the tracing of the magnetization transfer, that is the transfer from one atom to the next as in a network, overlap has the consequence of limiting the possibility of uniquely tracing the chain. Several strategies have been suggested to circumvent this problem (1) (2) (3) . Yet, no definite answer has been given to the question and new ideas must be considered to eventually find, if possible, a unique and universal strategy.
Here, we describe how we have gained significant insights into the structure of ataxin-3, a human 42 kDa protein involved in the neurodegenerative disease spinocerebellar ataxia type-3 or Machado Joseph disease (4) . Ataxin-3 is a typical example of an MFP: it contains an N-terminal 21 kDa domain, josephin, followed by a highly flexible region containing two or three (depending on the isoform) ubiquitin interacting motifs (UIMs) and a tract of polymorphic polyglutamine (polyQ) repeats (5) . The disease is thought to be caused by aggregation of the protein promoted both by the josephin domain and by the polyQ tract (6, 7).
The age of onset and the severity of the disease depends on the length of the polyQ tract and the disease reveals when this is above 42 repeats. Ataxin-3 is a deubiquitinating enzyme which recognizes and cleaves preferentially polyubiquitin (polyUb) chains of at least four subunits and is supposed to play an important role in the ubiquitin-proteasome pathway (8, 9) . Ataxin-3 binds to ubiquitin through different surfaces, distributed both along the josephin domain and in the C-terminus (10, 11) .
Solving the structure of ataxin-3 by crystallography has proven difficult presumably because of difficulties in obtaining ordered crystals of the full-length protein. We resorted to NMR as the most promising strategy. However, we hit against considerable difficulties not only because of the long predicted unstructured regions which result in very low dispersion of the spectrum but also because of the presence of several low complexity stretches along the sequence. Additionally, ataxin-3 is prone to aggregate and this makes it difficult to keep the protein in solution for the period (days or weeks) required for the formation of crystals or for the acquisition of complex NMR datasets. Accordingly, sparse information both from X-ray and NMR has been published for specific regions of the protein but a comprehensive picture of ataxin-3 structure is still elusive.
Despite the intrinsic difficulties, we successfully developed a strategy which has allowed us to obtain assignment of 87% of the spectrum and gain a clear map of the ataxin-3 structure. We could clearly observe the secondary structure propensity of the unfolded and flexible chain. Within this, the polyQ tract has a strong tendency to a helical conformation stabilised by the preceding region. Our results provide the essential prerequisite for any further study of the interactions between ataxin-3 and other cellular partners and suggest new tools for the study of MFPs.
Materials and methods

Construct choice and cloning
The plasmid used for ataxin-3(Q13) recombinant over-expression is a derivative of pMAL-c5x (NEB), hereafter referred as pMht-atx3(Q13). The plasmid encodes the maltose binding protein (MBP) followed by a hexa-histidine tag, a tobacco etch virus protease (TEVp) cleavage site and the sequence encoding ataxin-3(Q13). The expression plasmid for the isolated josephin domain (pMht-jos) was obtained by replacing the codon encoding residue 183 of ataxin-3 with a TAA stop codon via inverse PCR site-directed mutagenesis. The mutants of ataxin-3(Q13)
were obtained via inverse PCR site-directed mutagenesis using pMht-atx3(Q13) as a template.
The desired mutation was inserted at the 5'-end of the forward mutagenic primer. After PCR amplification the linearised plasmid was purified using Zyppy™ Plasmid Miniprep Kit (Zymo Research). The DNA was then incubated with DpnI (New England Biolabs), T4 polynucleotide kinase (New England Biolabs) and QuickLigase (New England Biolabs) to degrade the template, phosphorylate the 5' ends and re-circularise the plasmid, respectively. The ligation mix was used to transform directly DH5α cells (New England Biolabs) and the cells were plated overnight on LB/agar plates at 37°C. The outcome of the mutagenesis was checked by Sanger sequencing (GATC Biotech).
Protein production
The isolated josephin domain, ataxin-3(Q13) wild type and mutants were produced in a recombinant form using the pMht series plasmids described in the previous section and the E. coli strain BL21. Slightly different protocols were needed for producing the uniformly or selectively labelled samples. experiments were recorded immediately before and after each higher dimensionality experiment to assess the spectral integrity of the protein. In all cases, the two HSQC spectra did not show discrepancies suggestiong sample stability which is necessary to acquire high quality data of high dimenstionality.
HSQC based pseudo-3D relaxation data were acquired at 800 MHz. For the isolated josephin domain, delays of 100, 200, 400, 700, 1200, 1800, 2500 ms and 16, 32, 64, 96, 144, 192 ms were used for T1 and T2 measurements, respectively. For ataxin-3(Q13) delays of 100, 200, 400, 700, 1000, 1500, 2500, 4000 ms and 16, 32, 48, 64, 96, 128, 160, 192, 240 ms were used for T1 and T2 measurements, respectively. Average T1 and T2 values for josephin and for ataxin-3(Q13) were calculated by fitting the area under the spectra in the range 7.7-10.5 ppm to an exponential function. The relaxation rates for josephin residues within ataxin-3(Q13) were obtained by fitting the HSQC peak intensities. The correlation times were estimated using the formula 6 7.
The spectra were processed with NMRPipe based scripts and NMRDraw (12) . The HNCO and the 5D experiments were processed with the Multidimensional Fourier Transform (MFT) (13, 14) and the Sparse Multidimensional Fourier Transform (SMFT) (15) The assignment was submitted to the BMRB database (accession number 27380).
Results
The spectrum of full-length ataxin-3
Assignment of full-length ataxin-3 was performed on isoform 2 (Uniprot ID: P54252-2) with an interrupted tract of 13 polyQ repeats, Q3KQ10 -hereafter referred to as ataxin-3(Q13). This isoform contains three UIMs in the C-terminus at variance with isoform 1, used in previous studies of our group (5, 18) , which has only two UIMs. Two features of ataxin-3 had to be considered when choosing a suitable assignment strategy. Since ataxin-3 tends to aggregate with time, 15 N-1 H HSQC spectra were recorded before and after each experiment to assess whether the protein remained mainly in a monomeric state throughout the experiment. The spectra were assessed for variations of the peak volumes and of the resonance positions.
Typically, a fresh sample of ataxin-3(Q13) could be used for at least three days in the NMR tube at 25°C. No significant changes in both peak intensity and position could be detected over Taken together, these data show that the tail of ataxin-3 has all features of an intrinsically unfolded or partially structured system.
The josephin domain does not significantly interact with the C-terminus
To identify the already assigned resonances of the smaller josephin domain (residues 1-182)
within the much more crowded spectrum of ataxin-3, we superimposed the This includes experiments which would not usually be considered as a first choice for protein assignment, such as the NOESY-HSQC.
The chemical shift perturbations observed in josephin within ataxin-3(Q13) as compared to the isolated domain are small (overall within a standard deviation below or equal to 0.5) (Figure 2B) . The only resonances with more appreciable variations are in the N-and C-termini and at residue G127. This is reasonable because the N-and C-termini of josephin are close in space. G127 is spatially close. This evidence demonstrates convincingly lack of tight interactions between the josephin domain and the C-terminal tail of ataxin-3.
Walking through the assignment of ataxin-3 C-terminus
Triple resonance experiments (HNCA, HNCACB, CBCAcoNH) were initially performed to assign the ataxin-3(Q13) C-terminus ( Figure S2) . The low dispersion of the In the course of this analysis, we noticed that only a subset of the expected resonances could be detected. 5D experiments are optimized for highly disordered systems. The long polarization transfer pathway used in these experiments allows ultra-high resolution but also results in a considerable loss of signal-to-noise. Consequently, fast relaxing resonances located in rigid or semi-rigid portions of the polypeptide chain are usually non-detectable, while the effect is much less pronounced for the slowly relaxing resonances from highly flexible regions.
Therefore, the mere fact that only a subset of the expected resonances could be detected in the 5D experiments indicates that the residues in the C-terminal tail of ataxin-3 have a wide range of dynamical properties. In particular, the ultra-high resolution of high dimensionality experiments allowed sequential assignment of 8 out of 13 glutamine residues in the polyQ tract (residues 298-305). The signal-to-noise of the carbon resonances in this region progressively increases from the N-terminus to the C-terminus. This suggests a higher flexibility of the polyQ tract at the C-terminus simply based on this observation.
Systematic mutation of key residues
Additional resonances could be assigned by integrating the information obtained from the 5D experiments and from triple resonance experiments. Despite this, the information was still insufficient to obtain a satisfactory assignment coverage. For some amide resonances, a correlation with the previous or following residue was impeded by the absence of the corresponding Cαi-1 in the HNCACB spectra. An additional problem was posed by the ambiguity of many Cα-Cαi-1 correlations, leading to multiple equally likely candidates for sequential assignment. To overcome these problems, a systematic mutation strategy was exploited. Mutations were introduced at different sites within both assigned and unassigned regions. HSQC spectra were acquired for each mutant that could be purified and was stable.
This assignment strategy relies on the fact that the resonance in the spectrum of the wild-type protein that is associated to the mutated residue will not be detectable in the spectrum of the mutant, while a resonance with different 
Further assignment using amino acid selective labelling
An amino acid selective labelling approach was used to resolve the ambiguities caused by the overlap of resonances associated with residues whose β carbons share similar chemical shifts. showed considerable scrambling from glutamate to glutamine, aspartate and alanine and some isotope dilution. Despite this, a critical analysis of the spectrum helped by comparison with the spectra of the other amino acid selectively labelled spectra helped discerning selective labelling from scrambling. This allowed unambiguous identification of amino acid types throughout the spectra ( Table S1 ).
The assignment of overlapping resonances for which the chemical shifts of Ci-i-1 and
Cβi-i-1 connectivity could be detected in HNCACB spectra was straightforward. When the Ci-1 and Cβi-1 were not detectable, assignment was obtained by producing amino acid selectively labelled mutants. For each labelling, the HSQC spectrum of wild-type ataxin-3 was compared with the HSQC of the corresponding point mutant. In this way, we could identify unambiguously V183, H187, L191, E194-A197, Q202-V204, K206, E210, R231, A232, R237, Q238, R251, A252, Q254, L255, M257, Q258, R262, E279-F289, and R318 (Figure 4) .
The NH resonances from most of the residues in the tract 183-192 could not be detected in the spectra of selective amino acid labelled samples. This fact and the lack of NH resonances of residues in the spatially close N and C-termini of the josephin domain suggest that this region is in an intermediate exchange regime.
The use of BEST-TROSY HNCACB to assist assignment
In an attempt to increase the signal-to-noise further, band-selective excitation short-transient (BEST) experiments were performed in association with transverse relaxation-optimized spectroscopy (TROSY) using the BEST-TROSY HNCACB pulse sequence (24) . This experiment achieves a longitudinal relaxation optimization allowing fast pulsing and rapid acquisition of spectra with higher resolution and signal-to-noise. The combination of BEST with TROSY enhances further these effects. It has been shown that the BEST sequence enhances preferentially resonances from transiently-structured regions which have usually a low signal-to-noise. The increased signal-to-noise of the BEST-TROSY-HNCACB experiment was used to confirm weak carbon resonances throughout the sequence of ataxin-3. This technique allowed, for instance, to detect the Ci-1 and Cβi-1 correlations of residues E279 and E280 to the preceding serine and glutamate, respectively. The combination of this information with glutamate selective labelling of wild-type ataxin-3 and of the R282H mutant led to unambiguous assignment of these residues.
Almost all the detectable resonances in the HSQC spectrum could be assigned unambiguously, reaching a coverage of the C-terminus of ataxin-3(Q13) of 158 out of 176 (90%) non-proline residues and the 87% of the full-length protein (Figures 5,6 ).
Structure and dynamics of the C-terminal tail of ataxin-3
The Cα and Cβ chemical shits of the C-terminal tail of ataxin-3 allowed us to gain important information about the structure propensity and dynamics of this region which could not easily be obtained with any other method ( Figure 7A) . The algorithm SSP (25) generates a score indicating the propensity of each residue to populate helical, extended or random coil secondary structure motifs. Overall, the C-terminal tail is mostly highly flexible but with a strong helical propensity throughout with maximal values in the three UIMs (residues 224-240, 244-263, 331-348) in agreement with reports on peptides spanning the isolated UIMs (11).
Interestingly, also the residues in the polyQ tract that could be assigned (298-305) exhibit some helical propensity. This is in support to the structure of a complex of a polyQ peptide with an antibody (26) but disagrees with our previous data showing that polyQ repeats C-terminally fused to a carrier protein (glutathione-S-transferase) are random coils independently of their length (27) . Since however residues 278-289, which precede the polyQ repeats, have a helical propensity even higher than that of the UIMs, we can reasonably assume that the polyQ helicity is induced and stabilised by the preceding region. In agreement with this hypothesis is the fact that the α-helicity of the polyQ tract progressively decreases moving from Q298 to Q305. 
Discussion
Ataxin-3 is an interesting protein not only because it is associated to the neurodegenerative Machado-Joseph disease but even more because it is a deubiquitinating enzyme with very specific fold and features (28, 30, 31) . The first biophysical studies on this protein date around 2000 although much of the original interest was devoted towards the aggregation properties of the protein because these seem to be directly related to disease (6, 32, 33) . In 2003, we proved that ataxin-3 is a MFP which contains an N-terminal josephin domain present in a restricted number of other eukaryotic species and a C-terminal tail (5). The first NMR structure of josephin was published in 2005 and validated the year after (28, 34) . From then on, however, no direct information became available for the ataxin-3 C-terminal tail. It is only now that we can report full assignment of the NMR spectrum of ataxin-3 thanks to a formidable assignment exercise.
Spectral assignment was indeed not trivial because of the several problems imposed by a MFP of this size: the NMR spectrum of ataxin-3 fully reflects a mixture of globular and unstructured regions. As such the assignment strategy was far from standard and we had to develop an ad hoc procedure which combined different independent routes. We found the application of 5D techniques indispensable to achieve the resolution necessary to assign highly Our effort resulted in an overall 87% coverage assignment which extends over the whole protein. While we cannot exclude that the unassigned residues have resonances perversely overlapping, independent evidence suggests the presence of conformational and/or solvent exchange of some residues especially in the region between josephin and the C-terminal tail. It was also paradoxically difficult to identify some of the josephin resonances despite the clear and almost complete assignment previously achieved (35) . These resonances, which correspond to residues equally distributed along the josephin domain, were genuinely not observed in the full-length ataxin-3 spectrum and undetectable in the residue specific selectively labelled samples suggesting that the full-length protein has different exchange regimes from the isolated domain.
Our assignment gives us now, for the first time, an overall picture of the structure of this protein: despite being overall highly flexible, the C-terminal tail of ataxin-3 contains several stretches of well-defined secondary structure. The three UIMs are helical in agreement with a previous study of a construct containing UIM1 and 2 (11) . In addition to these regions, a helical tract was observed also between residues 278 and 289 which directly precede the polyQ tract. The identification of a stable α-helix in this region was recently suggested by a crystallographic study (36) on a construct containing ataxin-3 residues 278-305 fused to MBP and a short C-terminal crystallization tag. Interestingly, two different crystals were obtained in this study. One included the monomeric MBP with the ataxin-3 region 278-305 exposed to the solvent. In this structure, residues 278-284 form two helical turns, while the other residues could not be modelled because of absence of electron density. In the second crystal, the protein forms a dimer in which the tract 278-304 is helical, partially shielded from the solvent and stabilised by contacts with MBP. We performed our structural analysis of full-length ataxin-3 in solution, under near-physiologic conditions and without using any tag that could potentially interfere with the structure of the protein. We can thus conclusively affirm that the 278-289 tract forms a helical conformation in solution when in a monomeric state. It was not possible to obtain sequential assignment and hence estimate the structure of the N-terminal residues of the polyQ repeats (292-297). It is likely that these residues are more rigid than the other repeats, and Cβ resonances with those of other residues. However, since minor helical tendency was observed within the following polyQ repeats this could suggest that this region has a tendency to adopt a helical conformation stabilized by the preceding residues. This hypothesis would be supported by the crystal structure of exon I of huntingtin (37) , another well characterised member of the polyQ family, where the whole region is helical.
Conclusions
In conclusion, the ability to study the structural behaviour of this protein paves the way to the investigation of interactions with other proteins. An obvious candidate is the interaction with the valosin-containing protein which was mapped in the basic motif RKRR in the C-terminal tail (38) . Our work will also potentially be important for the advance of ataxin-3 aggregation since a number of studies have shown that the regions immediately N-and C-terminal to the polyQ repeats play an important role in modulating protein self-assembly (39) (40) (41) (42) (43) (44) .
